Abstract
Introduction
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Most archaea (~90%) and many bacteria (~50%) encode CRISPR-Cas (clustered regularly 13 interspaced short palindromic repeats -CRISPR associated) systems that are adaptive 14 immune systems against mobile genetic elements (MGEs) (Makarova et al., 2015) . The 
26
The cas genes, located proximal to the CRISPR array, encode the Cas proteins that play and II, V, VI systems, respectively (Makarova et al., 2015) . Following invasion of an MGE, 32 the CRISPR-Cas system acts in three steps: i) adaptation (or acquisition), in which a new 33 spacer derived from an invading sequence is inserted into the CRISPR array, ii) crRNA 34 biogenesis, in which the CRISPR array is transcribed and the resulting precursor crRNA is 35 processed into mature crRNAs, and iii) interference, in which the foreign nucleic acid is 36 targeted and degraded by a Cas-crRNA ribonucleoprotein complex (Marraffini, 2015) .
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Barrangou and colleagues (Barrangou et al., 2007) were the first to demonstrate the 
75
In this review, we summarize recent advances in our understanding of adaptation in 76 CRISPR-Cas immune systems. We describe the experimental approaches that have been 77 developed to monitor spacer acquisition, and discuss features of naïve and primed 78 adaptation, self-vs. non-self discrimination and regulatory components for the adaptation 79 process. Finally, we highlight some future directions and remaining key questions. Table   80 1 summarizes the model organisms discussed in the review.
81
Methods for studying adaptation in CRISPR-Cas systems 82 Five years after the first demonstration of natural spacer acquisition in S. thermophilus, 83 five assays were independently developed for the Type I-E CRISPR-Cas system, 84 establishing a basic framework for later studies, including a subsequent in vitro adaptation 85 assay as described below.
86
To determine the DNA elements and proteins required for adaptation, an assay was 87 developed in which plasmid-encoded Cas1 and Cas2 were co-expressed for 1 to 3 days in 88 an E. coli containing a CRISPR array but lacking cas genes (Yosef et al., 2012) . PCR 89 amplification of a short segment between the leader sequence and the existing spacers on 90 the CRISPR array was conducted using genomic DNA. Gel electrophoresis analysis products were observed by agarose gel electrophoresis and subjected to high-throughput 116 DNA sequencing (Fig. 1D) . Importantly, the system enabled testing different spacer 117 donors, which had not been possible with the in vivo studies (Nunez et al., 2015b) .
118
Nevertheless, the assay showed only intermediates of adaptation, i.e. half-site integration 119 rather than fully integrated spacers.
120
The above assays were used to detect naïve adaptation. An assay monitoring E. coli Type (Fig. 1F) . Taken together, the 132 above-described assays are the major methods to monitor and characterize adaptation.
133
Adaptation in Type I CRISPR-Cas systems 134 
Naïve adaptation
135
Using the PCR-based assay described above (Yosef et al., 2012) of adaptation activity of the systems.
259
In E. coli, it was shown that both naïve and primed adaptation occur in the absence of the 
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In the Pectobacterium atrosepticum Type I-F system, the CRP protein was shown to 
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New spacer sequences derived from infecting lytic phage integrated into the CRISPR array.
287
Resulting bacteriophage insensitive mutants (BIMs) were immune to repeated infections. 
298
Using similar experimental setups as described above for Type I, Terns and co-workers set 299 out to identify cis-acting elements involved in spacer acquisition in Type II systems.
300
Similar to the findings of the E. coli Type I-E system, the leader and a single repeat are tempting to speculate about a cross-talk among these types with respect to adaptation.
360
Interestingly, spacers were not acquired from the wild-type virus that stimulated spacer 361 acquisition from other foreign DNA sources. These observations highlight yet another 362 possible adaptation mechanism that should be further elucidated. which terminates only once in each growth cycle. Thus, the acquisition machinery should 423 exhibit a natural preference for any high-copy DNA (Fig. 4) . ferredoxin-like fold also found in Cas5 and Cas6 proteins (Li, 2015) , and like Cas1, Cas2 450 forms a stable homodimer (Fig. 5A ).
451
A breakthrough in the structural understanding of spacer acquisition was the finding that Cas1 dimers (Fig. 5A) to the correct length (Fig. 5B) 
Figure legends
